ABSTRACT Wetlands function as buffers between terrestrial and aquatic ecosystems, Þltering pollutants generated by human activity. Constructed wetlands were developed to mimic the physical and biological Þltering functions of natural systems for the treatment of human and animal waste under controlled conditions. Previous studies on the effect of constructed wetlands on native invertebrate populations have concentrated almost exclusively on mosquitoes. Here, we present the Þrst study investigating the relationship between vegetation cover and aeration regime, and the diversity and abundance of nematodes and springtails (Collembola) in a constructed wetland designed to treat dairy farm wastewater in northwestern Vermont. We investigated four treatment cells differing in aeration regime and vegetation cover, but equally overlaid by a layer of compost to provide insulation. Analysis showed that nematodes were most abundant in the nonplanted and nonaerated cells, and that bacterivorous nematodes dominated the community in all cells. Springtails were found to be most numerous in the planted and nonaerated cells. We hypothesize that the vegetation provided differing environmental niches that supported a more diverse system of bacteria and fungi, as well as offering protection from predators and inclement weather. Nematodes were likely imported with the original compost material, while springtails migrated into the cells either via air, water, or direct locomotion.
Natural wetlands often function as buffers between terrestrial and aquatic ecosystems Þltering agricultural runoff and other pollutants generated by human activity. Aspects of these physical and biological Þltering systems have been mimicked in wetlands constructed for the treatment of human-and animal-generated waste. Wetlands constructed for the treatment of agricultural waste have been built from various materials with the common goal of using biological and chemical processes to reduce suspended solids, biological oxygen demand (BOD), nitrogen (N), phosphorus (P), and coliform bacteria (Hammer 1989 , Moshiri 1993 , Kadlec and Knight 1996 , DuBowy and Reaves 1998 , Kadlec et al. 2000 , Longhurts et al. 2000 , Hunt and Poach 2001 , Vymazal 2010 . The ßexibility of constructed wetlands (CWs) can be demonstrated by the diversity of substrates they can process, such as acid mine drainage from coal mines (Tenenbaum 2004) , explosive compounds and the by-products to which they degrade in polluted groundwater (Best et al. 2001) , and biodegradation of pesticides such as atrazine (Runes et al. 2001) . CWs have also been used to improve the water quality of a riverine system in northeastern Brazil (de Ceballos et al. 2001) and are being proposed as a means to reduce eutrophication in the Baltic Sea (Paludan et al. 2002 ).
An attractive feature of CWs is that they are relatively simple, inexpensive to build compared with conventional treatment systems, and can be scaled to need. The concept of using wetlands for the disposal of organic waste dates back to ancient China (Tenenbaum 2004) .
Nonpoint source pollution from dairy farm waste is a major cause of degraded water quality in New England (Jokela et al. 2004 ). The application of CW technology to northern climates has been limited by the ability of wetland systems to operate without freezing during the winter. The incorporation of horizontal subsurface-ßow, supplemental aeration, and an insulating mulch layer into traditional CW designs has successfully prevented freezing and hydraulic failure in northern wetlands. These improvements show potential for the successful application of CW waste treatment technology in northern climates (Wallace et al. 2001, Wallace and Kadlec 2005) .
We have not located any previous work regarding the role played by microarthropods and nematodes in the functioning of CWs. With regard to arthropods, work has been limited to the behavior and density of larval and adult mosquitoes , Walton et al. 1999 , Sanford et al. 2003 , Workman and Walton 2003 , Diemont 2006 , management of vegetation to control populations of mosquitoes Walton 2004, Walton and Jiannino 2005) , applications of larvicides and adulticides for mosquito control , and the effect of inorganic N enrichment on the population levels of adult mosquitoes and chironomid larvae (Sanford et al. 2005 ). In addition, Andres (1999) , has shown that the application of low levels of sludge result in an increase in the density of microarthropods.
The role of free-living nematodes in CWs is similarly understudied. However, a signiÞcant amount of work has been done to assess the persistence of parasitic nematodes in treated sewage sludge (i.e., Horak 1992 , Paulsrud et al. 2004 , Pourcher et al. 2005 , and some research has been conducted to study the inßuence of manure on soil nematode communities. In general, the density of nematodes increases with application of manure, but species richness is reduced to just the fast-growing enrichment-type microbivores that do well with abundant prey resources (Forge et al. 2005 , Mahran et al. 2009 ). However, levels of nematodes depend on the source of the manure and whether it is accompanied by the application of water, as waterfertilizer applications favor the activity of bacterial feeding nematodes (Sohlenius and Wasilewska 1984) .
Microarthropods and nematodes are important components of soil food webs and are often used as indicators of soil condition. The grazing of nematodes on bacteria has important consequences, as it can affect microbial community composition, activity, distribution, and mineralization of key nutrients (reviewed in Freckman 1988, Freckman and Caswell 1985) . The relative composition of nematode trophic and functional groups is used as an indication of the relative dominance of decomposition pathways (Neher 2001 , Yeates 2003 . Nematode communities that are dominated by quickly reproducing, colonizer-type bacterivores signify highly enriched decomposition pathways, while nematode communities with more slowly reproducing, persister-type predators and omnivores typically signify more balanced decomposition pathways (Ettema et al. 1999b , Ferris et al. 2004 ). Microarthropods also have a variety of feeding habits, including predation, fungivory, bacterivory, detritivory, herbivory, and omnivory (Moore et al. 1988 ). Nematodes and microarthropods are susceptible to changes in microbial food sources that often accompany management practices (Moore 1994) . Several studies have shown that agricultural practices and the use of fertilizers in low to moderate quantities, cause an increase in the abundance of Collembola, but are usually coupled by a decline in species diversity (Hopkin 1997) .
We investigated the invertebrate communities associated with the compost mulch layer of the University of Vermont CW to ascertain if wetland management practices (aeration and vegetation) inßuence the composition of the invertebrate community. Here, we present a Þrst assessment of the effect of aeration regime and plant ground coverage on soil nematode and springtail communities in a northern temperate CW. The main questions we ask areÑDoes aeration or vegetation cover affect total population size in nematodes and springtails; Is the dominance of speciÞc nematode functional trophic groups enhanced or depressed by a given treatment?
Materials and Methods
Site Description. This study was conducted at the University of Vermont subsurface horizontal ßow CW (N 44.45870, W 73.18936) used to treat feedlot, milking parlor, and milk-house efßuent from a dairy operation of Ϸ130 cattle at the Paul Miller Dairy Research Farm, Burlington, VT. CW directs ßow below ground, and therefore neither provides an appropriate habitat for mosquitoes nor release odors, rendering this technology more suitable for the treatment of waste in urban areas. The CW was built to support a peak ßow of 37,500 liters/d and an inßuent biological oxygen demand (BOD) concentration of 4,000 mg/liters (Mu-ñ oz et al. 2006) .
CW is composed of four 18 by 12 m cells, Þlled with coarse gravel to a depth of 0.6 m and covered with a 10-cm layer of dairy manure compost mulch. At the time of this study, two of the four cells were planted with Schoenoplecus fluviatilis (Torrey) Mark T. Strong (river bulrush) and the two remaining cells were unplanted. In addition to serving as an insulating layer, the compost mulch also serves to stabilize the plants. One of each of the planted and unplanted cells in the wetland was aerated during the duration of this study. For additional information as to the function and design of this wetland see Muñ oz et al. (2006) .
Newly composted dairy manure bedding and soil from areas adjacent to the wetland were tested as potential sources of nematodes and collembolans for the CW. The composted bedding came from the same dairy that produced the inßuent to the wetland. The soil was sampled from two meadows immediately south and adjacent to the CW, and across a road that runs perpendicular to the wetland. The meadows are dominated by not only the grasses Phalaris arundinacea (L.) (reed canarygrass) and Bromus inermis (Leyss) (smooth bromegrass), but also have low levels of Festuca arundinacea (Schreb) (tall fescue), Dactylis glomerata (L.) (orchardgrass), and Poa pratensis (L.) (Kentucky bluegrass).
Sampling and Analysis. Nine pairs of soil cores of Ϸ350 cm 3 of top soil were collected from a 5 by 6 m grid within each of the four CW cells. Nine additional cores were collected from each of two meadows adjacent to the CW. All cores were collected in a period of 2 wk from the end of August to the beginning of September 2004. One core was used to extract springtails, the other to extract nematodes. Springtails were extracted by placing soil cores in Tullgren funnels for 3 d. Microscope slide preparation for identiÞcation of springtail species required the digestion of pigment using NesbittÕs ßuid followed by mounting on microscope slides using HoyerÕs medium (Mari Mutt 1979) . Springtail species were identiÞed using a phase-contrast microscope and the taxonomic keys in "The Collembola of North America" (Christiansen and Bellinger 1998). Nematodes were extracted from Ϸ100 cm 3 of the soil cores using the pie-pan method (Townshend 1963). Nematodes were counted and Ϸ100 representative individuals from each sample were identiÞed to genus (Goodey 1963) . Trophic categorization of nematode genera was based on Yeates et al. (1993) and Ferris and Bongers (2006) .
A baseline-category logit model was used to analyze nematode and springtails data (Agresti 2002). The baseline category groups selected had high frequency counts and a low coefÞcient of variation across the wetland treatments. All samples within a wetland treatment were pooled and each of the four wetland cells was considered a separate sample. The crossed treatments, planted by aeration, were not replicated; thus, we only looked at the main effects (planting or aeration) and did not use a crossed model for the analysis. Nematodes were grouped into categories based on trophic groups for the analysis ( Table 1 ). The algivore trophic group was not included in the analyses because there were too few individuals. Collembola species were not grouped because the trophic group for many of the species is unknown. Two Collembola species, Proisotomodes bipunctatus (Axelson) and Lepidocrytus pallidus Reuter were not considered in the analyses because they had too few individuals (Table 2) . PROC CATMOD (SAS version 9.2, SAS Institute Inc., Cary, NC) was used to test all baselinecategory logit models.
Results
Nematodes. The distribution of trophic categories among the nematode genera sampled in the CW and surrounding meadows is presented in Table 1 . The enrichment predatorÐ bacterivore trophic group of nematodes had the highest frequency (2,840 individuals) and the lowest coefÞcient of variation (CV ϭ 0.185). Therefore, this trophic group was used as the a Genus was not included in statistical analyses because group had too few members. b Genus was placed into the predatorÐ omnivore group. Genera represented by six or fewer individuals in a given group were not included in the analysis or grouped with other trophic groups. Genera in bold were also found in the adjacent grassy reference plots. baseline group from which all logits were calculated. There were more nematodes in the nonplanted than in planted cells (Table 3 ; 2 ϭ 163.4, df ϭ 4; P Ͻ 0.0001) and more in the nonaerated than the aerated cells (Table 4; 2 ϭ 123.19, df ϭ 4; P Ͻ 0.0001). As can be seen in Table 1 , there were more than six times the nematodes in the enrichment predatorÐ bacterivores trophic group (2,840) than in the next highest trophic category (457 in predatorÐ omnivore). The enrichment predatorÐ bacterivore category was dominated by the genera Rhabditis and Butlerius, which contained 90% of the nematodes in that category. In the general bacterivore category, the genus Teratocephalus had eight times the density of the other bacterivores combined, while Eudorylaimus represented 97.4% of the predatorÐ omnivore category.
Although enrichment predatorsÐ bacterivores had the lowest coefÞcient of variation (CV ϭ 0.185) among the treatments and was therefore selected as the baseline group, there were still more enrichment predatorsÐ bacterivores in the nonaerated (52%) than aerated treatments (48%) and more in the nonplanted (58%) than in the planted (42%) treatments. Therefore, the signiÞcant nematode trophic group differences discussed below reßect differences from the ratios found in the enrichment predatorÐ bacterivore trophic group rather than a difference from a 50/50 ratio between treatments. Three nematode trophic groups had different proportions of individuals in the planted vs. the nonplanted compared with the proportions found in the base group (Table 3) . In contrast to the enrichment predatorÐ bacterivore group, both the general bacterivore and the hyphae group had more individuals in the planted compared with the nonplanted cells. The Þne rootÐ hyphae group had more nematodes in the nonplanted than in planted cells. The predatorÐ omnivore group had a similar ratio to the baseline group with slightly more individuals in the nonplanted than in the planted plots. Three nematode trophic groups had different proportions of individuals in the aerated vs. nonaerated compared with the proportions found in the base group (Table 4) . In contrast to the enrichment predatorÐ bacterivore group, the predatorÐ omnivore group had more individuals in the aerated compared with the nonaerated cells. The Þne rootÐ hyphae group and general bacterivore had more nematodes in the nonaerated than in the aerated cells. The hyphae group had a similar ratio to the baseline plot.
Sixteen genera of nematodes from seven families were found in two meadows adjacent to the wetland but not in the experimental cells (Table 5 ). Only three genera of nematodes found in the CW were not found in the adjacent meadows (Table 1 ). The newly generated mature compost material, used as a comparison to the CW compost layer, was found to contain a similar community of nematodes as that in the CW and did not match the nearby meadows (results not included).
Collembola. The 13 species of springtails collected in the CW and surrounding meadows are listed in There was a signiÞcant difference in the number of individuals by trophic group in planted and nonplanted cells (CochranÐMantelÐ Haenszel row mean score P Ͻ 0.0001). The enrichment predatorÐ bacterivore group was used as the baseline. Italicized groups had signiÞcantly different proportions from the baseline group (P Ͻ 0.05). There was a signiÞcant difference in the no. of individuals by trophic group in aerated and nonaerated cells (CochranÐMantelÐ Haenszel row mean score P Ͻ 0.0001). The enrichment predatorÐ bacterivore group was used as the baseline. Italicized groups had signiÞcantly different proportions from the baseline group (P Ͻ 0.05). Genera in bold were also found in the CW. Table 2 . Proisotoma minuta (Tullberg) was used as the baseline group for the analysis of collembolan data (Tables 6 and 7 ). P. minuta had a high count (1,167) and almost the smallest coefÞcient of variation across all plots (CV ϭ 0.607). Although Desoria trispinata (MacGillivray) had a higher count (1,189), the coefÞcient of variation was more than twice as high (CV ϭ 1.31). Overall, there were more springtails in the planted than in the nonplanted cells (Table 6 ; 2 ϭ 201.87; df ϭ 4; P Ͻ 0.0001) and more in the nonaerated than the aerated cells (Table 7; 2 ϭ 109.40; df ϭ 4; P ϭ Ͻ0.0001).
In the comparison between cells, the baseline group was proportionally higher in the planted cells (65%) compared with the nonplanted (35%; Table 6 ). Therefore, signiÞcant proportional differences are different from the 65/35 ratio rather than a 50/50 ratio. Three species, D. trispinata, Hypogastrura pannosa (Macnamara), and Sminthurus sp., were signiÞcantly proportionally higher in the nonplanted vs. the planted cells compared with the proportions of the baseline group. D. trispinata was the only species higher in the planted vs. the nonplanted wetland compared with the baseline group. Although Ballistura rossi Soto-Adames and Giordano and Tullbergia sp. were not signiÞcantly different from the baseline group, they likely had a larger proportion of individuals in the planted vs. the nonplanted cells.
The distribution of the baseline species favored nonaerated cells more strongly than aerated cells (28 vs. 72%). There were eight species with signiÞcant differences from the baseline species (Table 7) . Isotomurus tricolor (Packard), H. pannosa, and D. trispinata favored the nonaerated cells more strongly than the baseline group. Species that had proportionally more individuals in the aerated than the nonaerated cells were Friesea sublimis (Macnamara) and Tullbergia sp. that may not have proportional differences between the two treatments. This implies that B. rossi and Sminthurus sp., which were not signiÞcantly different from the baseline group, likely had a higher proportion of individuals in the nonaerated group similar to the baseline. Three species had no individuals in the nonaerated cells Isotomiella minor (Schäffer), Paristoma notabilis (Schäffer), and Pseudosinella violenta (Folsom) and were signiÞcantly different from the baseline.
Only four of the species found in the CWs were also found in the surrounding meadows and none of the most abundant Collembola species in the wetlands were found in the two nearby meadows (Tables 2, 8) . Moreover, the newly generated mature compost samples were found to be depauperate of springtails; a single isotomid was found in the samples analyzed. Vouchers of the species listed are deposited in the insect collection of the Illinois Natural History Survey at the University of Illinois Urbana-Champaign, IL.
Discussion
We found that, in general, nematode communities were dominated by quickly reproducing, colonizertype bacterivores and predators. Stylet-bearing fungivores and herbivores were present but rare. Thus, these communities appear to be characteristic of highly enriched microbial decomposition and are similar to the communities discussed by Dmowska and Kozlowska (1988) , Weiss and Larink (1991) , Ettema et al. (1999a ,b), and GrifÞths et al. (1994 . These authors found that amendments of high N content sewage sludge or manure fertilizer stimulated enrichment microbivores.
In a comparison of farmyard and poultry manure compost applications, poultry manure was shown to P. minuta (asterisk) was used as the baseline group for the analysis. Bold species had a signiÞcantly different proportion from the baseline group (P Ͻ 0.05). P. minuta (asterisk) was used as the baseline group for the analysis. Species in bold differ signiÞcantly from the baseline group (P Ͻ 0.05). Species in bold were also found in the CWs.
considerably increase nematode populations levels (GrifÞths et al. 1994) . A comparison between cattle and pig slurry showed a greater increase of nematodes with the former (GrifÞths et al. 1998) . Subsequent to the application of fertilizer and water, most studies reported an increase in bacterivore nematodes, with higher levels of Rhabditis in particular, and a reduction of fungal feeders (Sohlenius and Wasilewska 1984; Weiss and Larink 1991; GrifÞths et al. 1994; Ettema et al. 1999a,b; Forge et al. 2005) . Some studies also reported an increase of predatory nematodes subsequent to sludge application (Weiss and Larink 1991; Ettema et al. 1999a,b) . These studies suggest that bacterial numbers increased subsequent to sludge or manure application and that this was accompanied by a concomitant increase in bacterivorous nematodes. However, bacterivorous nematode levels decreased several months after manure application and subsequent to the increase in the population of predator nematodes. The daily input of N into the CW system may contribute to the maintenance of the bacterivore dominance in the nematode community of the CW cells.
Bacterivorous nematodes appear to contribute more to N mineralization than fungivorous nematodes (Ferris et al. 2004) . Management practices, such as high N content fertilizers, can be selected to encourage bacterivorous nematodes over fungivorous nematodes, and increase N mineralization of plant and microbial biomass. However, gross N mineralization may need to be balanced with consumption from higher trophic levels to immobilize N and reduce leaching. Further studies are needed to determine the dynamics of nematode predators in addition to Diplogasteridae.
The community of nematodes in the compost layer of CW was found to be similar to that of the parent compost material. This leads us to conclude that the species of nematodes were introduced with the original compost material and that subsequent differences in species abundance between cells occurred as a result of differences in treatment between cells. However, this conclusion needs to be seen as preliminary because this study does not provide replicate cells to corroborate this result.
Our results show higher levels of springtails in the CW than in the nearby grassy Þelds. These results concur with those of Andres (1999) , who found that application of sewage sludge, at 7.5% to compost, used to restore a mine quarry, increased the density of microarthropods.
In addition, a study assessing the effects of industrial sludge on the microarthropod community in a spruce plantation, showed that the overall microarthropod density declined after 1 yr, with the exception of the springtail P. notabilis, which increased with the application of sludge. Collembola that reside on the surface of the compost were the least affected by sludge addition (Krogh and Pedersen 1997) .
Microarthropod community species composition and population levels in disturbed areas such as quarries and CW systems are likely determined by several factors including distance from source populations and levels of nutrients. Some species, such as P. notabilis, appear to be able to capitalize on the higher nutrient levels (Krogh and Pedersen 1997) . In the CW system described here, high nutrient levels were coupled with aeration, plantings, or both. Our results indicate that springtails were more abundant in the cells that were planted and cells that were nonaerated. We hypothesize that vegetation provides differing environmental niches that support a diverse system of bacteria and fungi, as well as offering protection from predators and inclement weather. This is consistent with previous studies showing that plant species richness correlates or even drives Collembola species diversity (Sabais et al. 2011, Joern and Laws 2013) .
In total, 26 springtails representing eight genera were found in the west meadow and 15 individuals representing three genera in the south meadow. With the exception of a single member of the family Neanuridae all the species found in the nearby meadows were also found in the compost layer of the CW cells. However, the reverse was not true. Unlike nematodes, the species of springtails identiÞed in the CW cells were not found in the parent compost material. This leads us to conclude that these organisms migrated into the cells at various times during the growing season. Collembola may have randomly encountered this locality as a result of being transported by wind or water, or may have been attracted to some of the odors that emanate from the cells. Indeed, it has been shown that in compost dumps of an opencast mine site, epedaphic springtails colonized new sites by being transported via air, as part of aerial plankton, and water. This mine study found no relationship between the species composition of the springtail fauna at the mine sites and that of the surrounding area (Dunger et al. 2002) . Collembola are also known to be attracted to volatile compounds generated by the mycelium of hyphomycetous fungi (Bengtsson et al. 1988) and to use these odors to discriminate between species of fungi (Hedlund et al. 1995) . The epigeic springtails we identiÞed in the compost layer of the CW, such as L. pallidus, H. pannosa, and D. trispinata may have been attracted by fungal volatiles.
Springtails are known to feed on bacteria, ectomycorrhizal and saprophytic fungi, yeast, pollen, algae, protozoa, and plant material. Studies that have focused on the gut content of springtails conclude that they discriminate and are highly selective of what they eat (Schultz 1991 , Petersen 2002 ; and that their preference for fungi can be affected by the substrate on which the fungi grow (Leonard 1984) .
In conclusion, representatives of the nematode community found in the compost layer of the CW cells were likely introduced with the original compost material, whereas springtails likely colonized the plots through passive transport via air currents and water or through direct locomotion. In general, colonizing bacterivorous nematodes characteristic of enriched microbial decomposition dominated all four of the wetland cells. Collembola were more abundant in planted and nonaerated wetland cells, as these environments may have provided a greater diversity of food substrates as well as protection from predators and environmental factors.
Our data support the hypothesis of increased secondary consumption in the planted and aerated CW cells. Future studies regarding the functioning of CW would beneÞt from linking the microfauna composition with the microßora function of CW. A more complete composition of fungal and bacterial energy channels, linked with diverse microarthropod feeding groups should stabilize nutrient dynamics, transform, and retain N into the CW system, and prevent leaching.
